The solvent accessibility of the Ser/Thr/Tyr containing peptide stretches in the substrate proteins of various kinases are likely to play a major role in substrate recognition by various kinases. Even though some of the computational tools make use of the solvent accessibility probabilities for prediction of phosphosites, no systematic analysis has been carried to investigate the solvent accessibilities of known phosphorylation sites. In this study, we have systematically analyzed the solvent accessibilities of serine, threonine and tyrosine containing phosphorylation sites in known substrate proteins by mapping them onto PDB structures, and compared with the accessibilities of sites which are not phosphorylated. The average relative solvent accessible area of phosphorylation site residues was found to be significantly more than their nonphosphorylated counterparts. The difference between phospho and non-phospho residues was statistically significant as judged by Wilcoxon test p-values of 2.20 × 10 -16 , 5.07 × 10 -6 and 2.34 × 10 -8 for serine, threonine and tyrosine containing sites respectively. Nonetheless, there are several known phosphorylation sites whose relative accessible surface areas are lower than 10Å 2 , thus these sites are not accessible on the surface of the substrate protein. MD simulations on representative protein structures suggest that, thermal fluctuations at 300K can significantly enhance the accessibilities of such buried Ser/ Thr/ Tyr containing peptides, thus making them available for phosphorylation. Thus our analysis highlights the fact that, it would be in general difficult to set a deterministic criterion based on accessibility values for identifying potential phosphorylation sites.
Introduction
Protein kinases play an important role in relaying signals during various signal transduction processes in the cellular machinery by carrying out phosphorylation of specific Ser/Thr or Tyr residues on their cognate substrate proteins. Phosphorylation by kinases alters the functional state of a substrate protein using a number of different mechanisms which include conformational changes in the substrate protein, producing a docking/binding site on the substrate protein for a modular interaction domain, or by altering the existing binding site on the substrate in a manner which can inhibit binding of an interaction partner. Well known example of regulation of functional state of a substrate protein is tumour suppressor protein p53 which contains a number of phosphorylation sites in its transactivation domain (TAD), DNA binding domain (DBD), tetramerization and regulatory domains (Caspari, 2000) . Fig. 1 shows the structure of DBD of p53 in complex with a DNA fragment based on the crystal structure 1TUP (Cho et al., 1994) , where three chains of DBD are bound to the double helical DNA and inset highlights known phosphorylation sites. As can be seen replacement of nonpolar sidechains of Ser/ Thr by highly charged phosphate moiety can significantly alter the binding affinity of p53 DBD for DNA, thus providing a structural basis for 494 Narendra Kumar et al. regulation of p53 activity by phosphorylation and dephosphorylation. This example also highlights that, sites on substrate proteins where phosphorylation can affect binding with interaction partners need to be present on the surface of the proteins and are likely to be solvent accessible. Therefore, computational methods for prediction of phosphosites on putative substrate of kinases can take into account solvent accessibility of peptide stretches containing Ser/Thr/ Tyr residues.
Various available programs for prediction of phosphorylation sites (Trost and Kusalik, 2011 ) by a given kinase break the substrate proteins into all possible Ser/Thr/Tyr containing peptides and then evaluate the scores for the phosphorylation of each of these peptides. The high scoring peptides above certain cut off value of the score are reported to be the most likely targets for phosphorylation. In the sequence based prediction methods (Blom et al., 2004; Obenauer et al., 2003; Xue et al., 2008) , the score is computed in a probabilistic manner as per the probability of occurrence of various amino acids flanking the Ser/Thr/Tyr. On the other hand, structure based methods (Durek et al., 2009; Ellis and Kobe, 2011; Kumar and Mohanty, 2010) calculate the score based on the binding affinity of the each of the Ser / Thr/Tyr containing peptides in complex with the protein kinase in question. All these programs assume that, all the peptides containing the Ser/Thr/Tyr residues are equally accessible to the protein kinases for the phosphorylation reaction. The selectivity of the kinase for a target phosphorylation site is attributed exclusively to the residues flanking the phosphorylatable Ser/Thr/Tyr residues in the substrate protein. These residues, usually three on each side of the phosphorylation site make favourable contacts with the specificity determining residues in the protein kinase.
Although complementarities between the peptide residues and the kinase substrate binding pockets play a crucial role in the phosphorylation event, experimental evidences suggest that it is not the only factor determining the substrate selectivity. Other factors such as the proximity of the substrate to the protein kinase play an equally important role (Ubersax and Ferrell, 2007) . This process, called substrate recruitment, is any mechanism, which brings substrate and kinase in close proximity and thus increases the chances of substrate-kinase complex formation. One of the mechanisms of substrate recruitment involves the interaction between docking motifs on the substrate and interaction domain of the kinase (Biondi and Nebreda, 2003) . These motifs are located far apart from the phosphorylation site in the substrate protein and increase the affinity of the substrate for the kinase many fold. In some substrates, phosphorylation event increases the affinity of the substrate for the next phosphorylation in the same substrate; this is a recurring theme in the phophorylation by protein kinases. Localization of protein kinase in a specific sub cellular compartment provides a further layer of specificity. Sometimes kinases interact with the substrate through an intermediary of scaffold protein, which acts as a platform for both interacting partners. Such factors have been incorporated in the form of protein-protein interaction information from STRING (Szklarczyk et al., 2011) or other such databases has been incorporated for prediction of phosphorylation sites on a given substrate protein (Linding et al., 2007; Song et al., 2012) . Similarly, accessibility of the Ser/ Thr/Tyr containing peptide stretch on a substrate protein also plays a major role in the substrate recognition by kinases. Some of the peptides, which otherwise fulfil the requirements of the high affinity to protein kinase, might be buried and hence not accessible for the protein kinase for the transfer of phosphate group. Therefore, in the absence of a conformation change in the substrate upon recruitment, only a subset of peptides, which is spatially located on the surface of the substrate protein, can potentially be phosphorylated (Eisenhaber and Eisenhaber, 2007; Iakoucheva et al., 2004; Neuberger et al., 2007) .
Thus, a number of factors help in maintaining the high level of substrate specificity that is observed in the cellular phosphorylation networks. However, it is very difficult to incorporate all these effects in the prediction programs. In principle, solvent accessibility of the peptides containing potential phosphorylation sites can be calculated; hence, incorporation of the surface accessibility terms in the Getting Phosphorylated: Is it Necessary to be Solvent Accessible ? 495 prediction algorithms might help in improving their prediction accuracy. However, none of the currently available computation programs for the substrate prediction with the exception of SCANSITE (Obenauer et al., 2003) , make use of the surface accessibility of the peptides while making predictions.
Large-scale high throughput mass spectrometric experiments have discovered a huge number phosphorylated peptides which are substrates of protein kinases (Olsen et al., 2006) . Conventional kinase assays and peptide library experiments have also contributed to the known phosphorylation sites of the kinases (Songyang et al., 1994) . Phospho.ELM (Diella et al., 2004 ) is a database, which catalogues these sites. Although substrate data stored in this database has been used for the development, or benchmarking of a number of prediction programs, no information about the accessibility of these peptides in their substrate protein is available. This is in part because; the crystal structures for most of the substrate proteins have not yet been solved. Phospho3D (Zanzoni et al., 2011) is a database, which catalogues and stores the substrate protein whose structure has been solved along with the functional annotations at the phosphorylation site. It also stores the results of local structural alignment of substrates at the phosphorylation site. Although it provides the accessibility of phosphorylation sites, it is only for those few substrates whose structures are available in PDB. In another study, large-scale calculation of predicted values of solvent accessible area of known phosphorylation sites concluded that the phosphorylation sites are mostly accessible on the surface of the substrate protein, and are mostly found in the loop and hinge regions of the proteins (Gnad et al., 2007) . Although these two studies have shed some light on the surface accessibility of the known site of phosphorylation, one of these has information about a very small number of substrates, while the prediction of accessibilities from sequence alone becomes a limitation of the second study. Therefore, before inclusion of the solvent accessible area terms in the prediction algorithms, it is necessary to carry out an exhaustive analysis of the solvent accessibilities of phosphorylation sites in the known substrate proteins.
In this study, we have attempted to investigate whether inclusion of solvent accessibility probabilities of putative substrate peptides can help in improvement of prediction accuracy. We have calculated the solvent accessibilities of phosphorylation sites in the crystal structures or homology models of known substrate proteins. The accessibilities of the known phosphorylation sites have been compared with the accessibilities of the Ser/Thr/Tyr containing peptides, which are not phosphorylated. Based on this analysis, we have attempted to estimate if statistically significant correlation exists between solvent accessibility and propensity for phosphorylation.
Materials and Methods

Dataset of Protein Kinase Substrates
Substrate proteins of protein kinases catalogued in phospho.ELM (Diella et al., 2004) database (version 5.0) were downloaded from UNIPROT database (http://www.uniprot.org). Information about the location of sites of phosphorylation on these proteins was also extracted. This version contains 13563 phosphorylation sites in 4422 protein sequences.
Identification of Structural Homologs
PDB (Berman et al., 2000) database 2007 was used for identifying the structural homologs of substrate proteins. This PDB release consisted of 107691 polypeptide chains from 45658 unique structures. Amino acid sequences of these polypeptide chains were downloaded from RCSB website. All PDB sequences were converted to a searchable database using the formatdb program of NCBI blast suite of softwares. For finding the structural homologs of the substrate proteins of various kinases, blast search was carried out against sequences in PDB with an e-value cutoff of 10 -6 . The most significant BLAST hit for each substrate protein was selected as structural template. If the alignment between the template and the substrate protein showed a gap over the known phosphorylation site, the corresponding substrate sequence was removed from the data set. Fig. 1 shows a flowchart depicting the protocol for mapping of phosphorylation sites onto the PDB structures. The 496 Narendra Kumar et al.
PDB coordinate files corresponding to the structural templates of the substrate proteins were downloaded from PDB website.
Calculation of Solvent Accessible Area of Phosphorylation Sites
The fragments of the structural templates aligning with the heptameric sequences of the substrate proteins containing the phosphorylation sites were identified. The absolute and relative solvent accessible surface areas of these heptameric peptide fragments in the template structure were calculated using the NACCESS (Hubbard and Thorntan, 1993) program. The solvent accessible surface areas of all other Ser/Thr/Tyr containing heptapeptides, which are not phosphorylated, were also calculated. Apart from the solvent accessible surface areas of the heptameric peptide fragments, the relative and absolute accessible surface areas were also calculated for the central Ser/Thr/Tyr residues.
MD Simulations
Explicit solvent molecular dynamics simulations were carried out on the crystal structure (2C23 (Yang et al., 2006) ) of human 14-3-3 beta protein using GROMACS4 (Hess, 2008) package and GROMOS96 43a1 force field (Van Gunsteren, 1996) . The structure was initially solvated in explicit simple point charge extended (SPCE) water (Berendsen, 1987) in an octahedron box with edges in all directions lying at 10Å from the outer most atom of the protein.
Neighbour list was updated every 10 steps with a short-range neighbour cut-off of 10Å. Long range electrostatics interactions were computed using Particle Mesh Ewald (PME) summation method (Darden, 1993; Essmann, 1995) applying cut-off of 10Å. Van der Waal energies were computed using twin range cut-off of 10Å/14Å. The overall charge on the system was neutralized by replacing solvent molecules with counter ions as necessary. All simulations were carried out using periodic boundary conditions in NPT ensemble. Constant temperature of 300K and constant pressure of 1 Bar were maintained using velocity rescale thermostat and Parinello-Rahman barostat (Parrinello, 1981) . The isotropic pressure coupling was achieved through time constant 0.5 ps and compressibility of 4.5x10 -5 bar -1 . The bonds and angles in SPCE water were constrained using LINCS algorithm (Hess, 1997). MD simulations were performed using a time step of 2 fs. The total system consisting of protein, solvent molecules and counter ions were subjected to water equilibration keeping the protein heavy atoms restrained for 40ps. Production MD run was carried out for 15ns. Fig. 2 shows a flowchart depicting the protocol for mapping of phosphorylation sites onto the PDB structures. Out of 4422 substrate protein sequences catalogued in the phospho.ELM database, structural homologues could be identified for 1425 proteins containing 2860 phosphorylation sites. The structural templates for these 1425 substrate proteins corresponded to 990 PDB structures. A careful examination of the sequence alignments of substrate proteins with the structures in PDB showed that, in some of the alignments, the region corresponding to the phosphorylation site contained a gap in the structure, or the Ser/Thr/Tyr residue was replaced by amino acids which cannot be phosphorylated. In such cases, the sequence of the substrate protein was removed from the data set. After applying this filter, the data set consisted of 1088 phosphorylation instances from 719 substrate proteins, which could be mapped on to 584 polypeptide chains from 571 PDB entries. These included 526, 202 and 360 instances containing serine, threonine and tyrosine as phosphorylation residues respectively. Figs. S1 and S2 show the distribution of the alignment length and percentage identity respectively. As can be seen from Fig. S1 , 85.8% of all hits show an alignment over a length of 100 or more amino acids. Similarly, the percentage identities of the hits were also significant as about 44% of hits showed a percentage identity in the range of 90-100%, while 90% of the hits showed identity above 30% (Fig. S2) . Thus, the structural templates have good homology with the substrate proteins over a significant length of alignment. Hence, these 719 substrate proteins are likely to have structures similar to those of the templates in PDB. Therefore, the solvent accessibilities of the Ser/Thr/ Tyr containing peptide stretches in the substrate proteins can be estimated based on accessibility of the corresponding structural fragments in the identified PDB hits.
Results
Structural Homologs of Substrate Proteins of Kinases
Solvent Accessibility of Phosphorylation Sites
Solvent accessible surface areas of the phosphorylation sites on the substrate proteins were calculated from their crystal structures when available, or from their structural homologs. The use of homologs for surface area calculation is appropriate as structures are known to be more conserved than sequences and the homologues have been identified based on significant sequence similarity. In addition, given the biological importance of the phosphorylation event, the phosphorylation sites are also likely to be conserved. Therefore, the probability of the finding the phosphorylation site on a substrate protein in same structural context as in the structural match is very high, and the surface areas calculated from it are likely to be true representative of the surface area in the actual substrate proteins. Seven amino acids long peptide stretches with phosphorylation site as the central residue were selected for the calculation of solvent accessible surface areas by NACCESS Narendra Kumar et al. computer program (Hubbard and Thorntan, 1993) . For each substrate protein, apart from the phosphorylation site, the accessible surface areas of the all other Ser/Thr/Tyr containing potential sites, which are not phosphorylated, were also calculated. In every case, absolute as well as relative surface areas were calculated. The relative surface area values represent the surface accessibility in comparison to the accessibility of a residue in extended conformation when it is surrounded by alanine residue on both sides. Fig. S3 shows an example of the analysis of solvent accessibility of a representative query substrate protein 3-phosphoinisitide dependent protein kinase-1 whose solvent accessible area of phosphorylation site is calculated from the structural homolog with PDB ID 2BCJ. Fig. 3 shows the average solvent accessible surface areas for the central Ser/ Thr/Tyr residues as well as the heptameric peptide fragment corresponding to sites, which are known to be phosphorylated, as well as for those, which are not phosphorylated. As can be seen, in general the average solvent accessible surface area of the phosphorylation site residues is higher compared to the accessibilities of Ser/Thr/Tyr containing peptides that are not phosphorylated. The statistical significance of the difference between the accessibilities of phosphorylation site residues and non-phosphorylated residues was judged by Wilcoxon rank sum test with continuity correction. The difference in average relative solvent accessible area between phospho and non-phospho residues was statistically significant as judged by p-values of 2.20 × 10 -16 , 5.07 × 10 -6 and 2.34 × 10 -8 for Ser, Thr and Tyr residues respectively. Similarly, p-values for the difference between the average relative solvent accessible area of phospho-peptide and non-phospho peptides were 2.20 × 10 -16 , 2.05 × 10 -13 and 4.77 × 10 -12 for Ser, Thr and Tyr containing peptides respectively. Fig. 3 also shows that the difference between the average solvent accessibility values for the absolute area was significant as judged by Wilcoxon test p-values. Thus, based on average accessibility values the phosphorylation site residues/ peptides were found to be more exposed to the solvent. Fig. 4 shows a comparison of the distribution of absolute accessibilities of phosphorylation site containing peptides with their counterparts which are not phosphorylated. As can be seen from Fig. 4 , at high accessibility values (> 400 Å 2 ) the percentage of phosphorylated peptides are higher than the percentage of peptides which are not phosphorylated, while the trend is reversed in the low accessibility range. However, a surprising observation from this *Solvent accessible surface areas in protein kinase substrates, which show 100%, match over more than 200 alignment length with a PDB structure. The absolute solvent accessible area of heptapeptide containing phosphorylation site and absolute and relative areas of phosphorylation site Ser/Thr/Tyr residues are calculated by NACCESS. Since the results shown in Fig. 4 is based on analysis of accessibility values in crystal structures homologous to various kinase substrates, we decided to analyze separately the accessibilities of phosphorylation sites in substrate proteins for which crystal structures were available. Some of the protein kinase substrates in our data set had structural hits from PDB with 100% match over alignment length of more than 200 amino acids. Table 1 lists 25 such proteins that showed 100% match with PDB entries. In 19 of these proteins, the peptides harbouring the phosphorylation site had accessibility values higher than 350 Å 2 . However, for the remaining six proteins the known phosphorylation sites were less accessible than the other potential sites. This suggests that observation of known phosphorylation sites at low accessibility values is not an artefact arising from structural homologs included in our analysis.
A large number of phosphorylation sites included in our dataset had been identified by high throughput mass spectroscopic experiments. The protein kinases that phosphorylate these sites are not known and there is a possibility that some of these sites are false positives arising because of the uncertainty in correctly assigning the sequence of the phosphorylation site from the mass spectrometry data. For these reasons, we reanalyzed the average solvent accessible surface area and the distribution of the solvent accessible surface area after removing the phosphorylation sites identified by high throughput studies from the dataset. After removing such site, we were left with 223, 90 and 119 instances containing Ser, Thr and Tyr residues respectively. Fig.  5 shows the average relative and average absolute solvent accessible surface area of phosphorylation site residues and the 7mer peptide harboring phosphorylation site as compared to their nonphosporylated Ser, Thr and Tyr containing We analyzed in detail the substrate proteins having known phosphorylation sites at low accessibility. Table 2 lists substrate proteins with phosphorylation sites whose relative surface areas are less that 10 Å 2 . Many of these sites are buried in the respective proteins and phosphorylation of such sites might require conformational shift in the protein, before they can be accessed and phosphorylated by the protein kinases. For example, phosphorylation site containing peptide RYLSEVA in signalling protein, human 14-3-3 beta, has been found to be buried as judged from its very low solvent accessible area (0.8Å 2 ) from crystal structure 2C23 (Fig. 7) . It would be interesting to analyze the phosphorylation mechanism of such proteins. It would also be interesting to see if the binding of such substrates to protein kinases lead to the unfolding and binding of phosphorylation site, or interaction with other cellular factors unfolds the proteins and makes the phosphorylation site accessible to protein kinases.
As different protein kinases are known to be differentially regulated with each one having a unique mechanism of regulation, we investigated if certain specific kinase families are responsible for phosphorylation of these sites, which are buried largely. Out of 1088 phosphorylation sites mapped to crystal structures, 628 sites did not have any information about the kinase responsible for their phosphorylation. The remaining 460 sites are phosphorylated by 134 kinase types as reported in phospho.ELM database. Among these mapped phosphorylation sites in the crystal structure templates, we calculated the average accessible surface area for various kinase types. However, sufficient number of phosphorylation instances was not mapped for most of the protein kinases. Therefore, we grouped together the phosphorylation instances assigned to similar kinases belonging to a specific group (Fig. S4) . We selected those groups, which contained more than five phosphorylation instances. For this study, we considered only Ser/Thr kinases. 237 phosphorylation instances could be grouped into counterparts when instances identified by mass spectrometry were not considered. It can be seen that the average surface area values in every case remain more or less same as when such site were considered (Fig. 3) . Fig. 6 shows the comparison of distribution of absolute solvent accessible area values of phosphorylation sites containing peptides with their counterparts which are not phosphorylated, when the phosphorylation instances identified by mass spectrometry were not included. It can be seen clearly from Fig. 6 , at low accessibility value (<400Å 2 ) the percentage of phosphorylated peptides has reduced as compared to the values when sites by mass spectrometry were included in the analysis (Fig. 4) . It may be noted that, earlier study (Jimenez et al., 13 Ser/Thr kinase groups containing 56 individual kinases. Fig. 8 shows the average accessibilities of phosphorylation sites for these kinase groups. CDK1, DAPK and PKB are three groups whose substrates have lowest average surface accessible areas among all kinases in our study. Based on this, it is tempting to speculate that, these kinase groups might employ a mechanism involving slight unfolding/ conformational shift in their substrate proteins, thus favouring induced fit mechanism for phosphorylation. On the other hand, phosphorylation sites in substrates We also explored the possibility that the substrates wherein the phosphorylation sites are largely buried inside the protein core, could get exposed to solvent and serve as targets of phosphorylation during thermal fluctuations to which cellular proteins are constantly subjected to. For this purpose, we carried out explicit solvent molecular dynamics simulations on 2C23 (human 14-3-3 beta protein) for 15ns using GROMACS suite. Fig. 9 indicates that, the buried phosphorylation site mentioned above (RYLSEVA) in fact gets exposed to solvent intermittently over a period of dynamics. This could, in general, be true for many such buried phosphorylation sites, which could only be studied by subjecting each one of the substrates to thermal fluctuations.
Discussion
Most phosphorylation site prediction methods take into consideration only the sequence or structure of a short peptide stretch flanking the Ser/Thr/Tyr amino acid. However, in reality the protein kinases phosphorylate a folded and structurally intact substrate protein in its functional form. Therefore, solvent accessibility of the phosphorylation site and its flanking residues is a major factor, which is expected to affect the phosphorylation of a substrate The results of our analysis indicate that, the phosphorylation site residues are significantly more exposed to the solvent as compared to the other sites containing Ser/Thr/Tyr residues. Our results are in agreement with earlier studies which have also suggested that phosphorylation sites are mostly found in regions of proteins that are likely to adopt loop or coil secondary structural states and prefer to be exposed to the solvent (Gnad et al., 2007) . Our current results based on the actual accessibility values from crystal structures reaffirm the same.
Although, in general, the phosphorylation sites are more exposed than their counterparts which are not phosphorylated, our analysis has revealed few interesting examples of substrate proteins on which the phosphorylation sites have a very low solvent accessible surface area indicating that they are buried inside. Such sites cannot be easily phosphorylated by the protein kinases in the absence of a considerable conformational change in the structure of the substrate proteins. Molecular dynamics simulations on one of the substrate proteins harbouring a buried phosphorylation site indicated that, such buried phosphorylation sites can be exposed intermittently during thermal fluctuations. Thus they might get phosphorylated by their cognate protein kinases. It will be interesting to analyze more number of such proteins individually to find out mechanistic details about how they are phosphorylated. Previous studies (Jimenez et al., 2007) have also reported human and mouse phosphosites at low accessibilities based on analysis of both high throughput as well as low throughput phosphorylation data and have individually analyzed several proteins containing such buried phosphosites. On the contrary, we have systematically analysed low throughput phosphorylation site data in Phospho.ELM. This extensive analysis indicates that the actual number of phosphorylation instances at such buried sites is lower, when high throughput data is excluded. Additionally we have also investigated if specific kinase families preferentially phosphorylate these largely buried sites.
The results from analysis of accessibilities of phosphorylation sites suggest that, the inclusion of the solvent accessibility terms in the phosphorylation site prediction programs might help in improving their prediction accuracy. However, our observation of several phosphorylation sites at very low accessibility values suggests that it would be difficult to fix a deterministic criteria based on accessibility value for identifying potential phosphorylation sites. Accessibility and structural flexibility of the potential phosphorylation sites can probably be combined with interactions between phosphorylation site and kinase 506 Narendra Kumar et al.
to develop more powerful structure based methods for prediction of substrates for kinases. 
